There are a growing number of applications for CW electron accelerators, many requiring high average current and small transverse and longitudinal emittances. Very high voltage DC electron guns with photoemission cathodes are a natural choice for generating the beams for these machines. High average current applications require high quantum efficiency photocathodes at practical wavelengths. The necessary lasers are state-of-the-art systems that must .be considered in choosing a photocathode.
INTRODUCTION
. has led to a number o f ideas and proposals for CW electron accelerators for electron cooling [31, the production of synchrotron radiation [4] , and linac-ring versions of a future electronion collider [SI. These machines all require high average current CW electron sources, frequently with demanding specifications on transverse and longitudinal emittances.
DC electron guns with photoemission cathodes are a natural choice for such applications. While RF guns operating at very high accelerating gradients are the current choice for delivering high charge electron bunches at low duty factor, their maximum accelerating gradient in CW operation is significantly lower 161. Recent developments in the reduction of field emission from large area electrodes offer the possibility of operating DC guns with cathode field gradients comparable to those practical in CW RF guns [71.
High average current operation requires high quantum efticiency photocathodes, which are notoriously sensitive to the vacuumenvironment. Compared with RF guns, DC guns offer distinct advantages for the production of excellent vacuum. In DC guns, there are few restrictions on vacuum chamber geometry or the location and size of volts. and many choices for wall materials. Thev onerate Electron-optically, they have no time varying fields, and easily incorporate transverse focusing at the cathode.
To date, DC photoemission guns have employed GaAs photocathodes, and are used primarily for the production of low average currents of polarized electrons. Operating voltages have been modest, typically about 100 kV. Tbe
Jefferson Lab IRFEL gun is a significant exception to these statements. This gun has operated at -320 kV, delivering 5 mA of average current at bunch repetition rates of -75 M H z [SI. It is presently being upgraded to operate at 500 kV and 10 mA average current.
High average current, high brightness CW electron injectors will require significant R&D before they are realized. The technology choice between high voltage DC photoemission guns, normal conducting RF guns, and superconducting RF guns is a matter of current debate. In the sections below, we present information on the current issues and state-of-the-art with DC guns, and indicate where future improvements might lead.
FIELD EMISSION
Field emission is the principal effect limiting the operating voltage and electrode field strength in DC electron guns. It is the source of undesirable phenomena, such as charging o f ceramic insulators, localized melting in areas struck by field emitted electrons, and vacuum degradation from both heating and electron stimulated desorption (ESD). These problems can lead to voltage breakdown of the cathode-anode gap, electrode surface damage, and punch through of the ceramic insulator.
In a gun with a Pierce electrode to provide focusing, the peak field on the electrode is two to three times higher than the field on the cathode. Electrodes are generally made from stainless steel. At field strengths approaching 10 MVlm field emission currents typically become unacceptable, and conservative gun designs limit electrode fields to values below this level. The strong dependence of field emission on field strength means that one does not have to reduce the field too greatly.
Many researchers have empirically explored field emission and its reduction by various surface treatments.
These studies have usually been made on small area samples with small gaps over relatively short periods of time, making it difficult to apply a "good experimental result to the real conditions in a high voltage gun. A test chamber was constructed at Jefferson Lab to study large area electrodes with moderate gaps. The electrodes had a uniform field area of 116 cm*. Voltages to 125 kV were applied to several mm gaps during eight hour tests. We demonstrated a dramatic reduction in field emission from samples coated with -500 nm of silicon dioxide. Two samples showed field emission below 1.5 pNcm' at 30 MVlm, and undetectable emission below 22 MVlm 
CERAMIC INSULATORS FOR HIGH VOLTAGE HOLDOFF
A ceramic insulator isolates the high voltage applied to the cathode electrode and its support structure. Field emission originating at the ceramic-metal-vacuum triple junction is a well-understood cause of internal surface flashover, and is controlled by reducing the field on the junction with electrostatic shields. The external ceramic surface is usually fluted to inhibit flashover.
Charging caused by small field emission currents is a serious problem due to the exceptionally high ceramic hulk resistivity. The ideal solution may he to develop a ceramic with a stable homogeneous bulk resistivity of about 70 Gohmc m
The temperature dependence of these high resistivities must not allow thermal runaway. Finally, the "inverted" gun design, described below, avoids the problem of field-emitted electrons striking the ceramic.
PHOTOCATHODE CHOICES
For any laser illuminated linear photoemitter, the photocurrent is given in terms of the laser wavelength and power and the cathode quantum efficiency by:
This expression gives the minimum product of laser power and quantum efficiency to produce the current, since it assumes every electron and laser photon is used.
If, for example, photons are lost in shaping the laser beam temporally or spatially, a higher raw laser power is required.
There are three families of practical high quantum efficiency photoemitters. These are alkali antimonides, alkali tellurides, and 111-V semiconductors. All are p-type semiconductors. The f m t two have positive electron affinity (PEA), while the III-V semiconductors have negative electron affinity (NEA). In the PEA case, the bottom of the conduction band in the bulk material lies below the vacuum level outside the cathode, while in the NEA case, the conduction band minimum lies above the external vacuum level. This difference has important consequences for the cathode thermal emittance. Table I gives the operating parameters of typical photocathodes from each of the three high quantum efficiency families.
Photoemission from these cathodes is described by the "three step" model. These steps are (a) photon absorption absorbed by valence hand electrons, which are promoted to the conduction band. Electrons in the conduction hand experience electron-phonon collisions, in which they lose energy and change direction as they diffuse toward the cathode surface. This energy loss continues until the electron reaches the conduction band minimum, where it remains until it is either emitted or recombines.
In a PEA cathode, electrons at the conduction band minimum are energetically prevented from being emitted, unlike in the NEA case. Electrons excited to the conduction hand in NEA materials are likely to thermalize at the band minimum before they are emitted if the exciting photon energy is not too great. The emittedelectrons thus originate from a population with an effective temperature close to the physical temperature of the cathode, resulting in a very low thermal emittance. This is in direct contrast to PEA emitters. Several emittance measurements of the beams from NEA GaAs photoemitters have confirmed the low thermal emittance, down to temperatures of 77 K [I I].
Optical absorption in the antimonides and tellurides is very much greater than in the 111-V materials, leading them to have a much faster temporal response, since the electrons have a much shorter distance to diffuse to reach the cathode surface. 111-V photocathodes can support electron pulses no shorter than about 20 -40 ps, while the antimonide and telluride cathodes support ps or shorter duration pulses.
LASER SYSTEMS
Lasers with RF time smcture aie required to produce a beam bunched at the photocathode, for subsequent acceleration in an RF linac. The time structure is generally produced in an actively mode-locked laser. At high repetition rates, the laser cavity length becomes impractically short, and in this case harmonic modelocking may he used 
PHOTOCATHODE LIFETIME AND VACUUM ISSUES
Nothing happens during photoemission that degrades the quantum efficiency of a photocathode. However, all high quantum yield photocathodes are chemically reactive, and are degraded by chemically active gas species in the vacuum. For example, exposures to a small fraction of a Langmuir of H 2 0 or COz can significantly degrade quantum efficiency. Photocathodes may also be damaged by ion back bombardment. independent of the gas species forming the ion. Thus, for long photocathode operational lifetimes, both the partial pressures of reactive gas species and the absolute pressure must be very low. If the photocathode lifetime is long with no high voltage applied to the gun, one can be confident that harmful residual gases are not present. Static photocathode lifetimes of thousands of hours have been demonstrated at many laboratories and with all three photocathode types. At Jefferson Lab, one GaAs cathode showed no measurable loss of quantum efficiency on a cathode exposed to the static vacuum for several months, corresponding to a Ile lifetime over 20.000 hours.
Field-emitted electrons may be a source of residual gases through ESD, and thus shorten the cathode life when high voltage is applied to the gun. While measurements of cathode lifetime with high' voltage applied but no illumination have not been made for extended times, information on this point can be had by Observing the lifetime at low average beam current. For most guns constructed to date, ESD from field-emitted electrons has not caused significant quantum efficiency degradation. This situation may prove different in DC guns operating at very high electric fields.
Electrons originating at the cathode and striking downstream vacuum chamber walls can generate a significant gas load. This was observed in the Jefferson Lab polarized guns, and was traced to electrons originating from very large radius on the cathode, near the junction between the cathode and the focusing (i.e.
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Pierce) electrode. Electrons from this region receive a substantial transverse kick fmm the locally large transverse fields, and follow extreme trajectories that ultimately strike beam tube walls.
Deadening the quantum efficiency at large radius cured rhis problem. and resulted in lifetime improvements of factors of a thousand or more [15] .
When all reactive gases are eliminated, ion back bombardment remains as a source of photocathode degradation. This mechanism has a clear signature, since the photocathode typically has an active area much larger than the illuminated area. In such circumstances, and with focusing at the cathode, electrons originating from off-center on the cathode follow trajectories that move toward the electrostatic axis of the gun. The ions produced, however, are accelerated directly back to the cathode with very little transverse displacement. Thus, the ions damage only regions of the cathode radially inside the electron emission point, along a line joining the emission point and the electrostatic center of the cathode. This damage signature has been clearly observed in several DC guns. While the details of the ion damage mechanisms are not clear, the solution is to reduce the vacuum pressure.
When ion back bombardment is the cathode lifetime limiting phenomenon, the cathode life is better expressed in terms of the charge delivered per unit illuminated area, rather than in clock hours or charge delivered. The best GaAs cathode lifetime reported to date is a lle degradation of the quantum efficiency from the delivery of 2 x 10' c/cm2. It is important to note that m-v cathodes are hulk materials with a monatomic surface dipole layer, while the alkali antimonide and telluride cathodes are stoichiomehic compounds. Thus, the response of these cathodes to ion hack bombardment may be quite different.
In a DC gun with no ESD gas load, outgassing is the source of residual gas. This can be greatly reduced by the use of non-evaporable getter coatings sputtered on the chamber walls [16] . These coatings have very low outgassing, very high pumping speed for chemically active gases, very low ESD, and act as a diffusion banier to gases permeating through the chamber walls.
LOAD LOCKS AND GUN DESIGNS
No high quantum efficiency cathode can he transferred through air without being destroyed, and it seems unlikely that a suitably inert atmospheric pressure environment can he established to allow such transfers without degradation. Attempts to prepare protective coatings on photocathodes have been made, but to date all have caused a loss in the quantum efficiency to levels unsuited for high average current use [17]. Thus, it is necessary to either prepare cathodes in situ in the electron guns, or transfer them under vacuum from a separate preparation chamber, using a load lock.
Three reasons are generally given in support of using a load lock system. These are that with a load lock (a) it is possible to have multiple cathodes prepared, ready for transfer into the gun; (b) the gun vacuum, once established, is never disturbed by cathode exchanges; and (c) there is no risk of contamination of high field electrode surfaces with alkali metals.
The first two of these reasons are weakened somewhat by operating experience with the Jefferson Lab polarized sources. Very long cathode lifetimes, ease of repeatedly cleaning and re-activating cathodes to their original quantum efficiency, and demonstrably excellent vacuum conditions were all reliably obtained in guns with no load lock. However, contamination of high field strength electrode surfaces with even tiny amounts of alkali metals could easily lead to unacceptably high levels of field emission, particularly in guns designed to operate at high field strength, and is reason enough to use a load lock.
No doubt all future very high voltage DC photoemission guns will employ load locks.
The simplest gun design involves no load lock. An example is shown in figure 1 . This gun, designed to operate at 500 kV for the Jefferson Lab IRFEL, has a GaAs wafer mounted on a long cathode "stalk".
Installation of the cathode stalk involves breaking the gun vacuum. Following a vacuum bakeout after cathode installation, the cathode is activated by the introduction of cesium through the anode aperture. In practice, though the gun could be processed to full voltage before the As there is significant space available within the large cathode electrode, this gun has been redesigned to allow the cathode to be activated while retracted completely within this electrode, greatly reducing the likelihood of cesium contamination on the high field surfaces. A shutter blocks the aperture in the cathode electrode during high voltage processing. These changes are expected to allow the gun to reach its500 kV design voltage, and will soon be tested.
The simplest implementation of a load lock places the entire cathode preparation chamber and load lock transfer mechanism at cathode potential. This solution was adopted for the SLC polarized source, which operated at 120 kV [18] . It becomes increasingly awkward to implement as the operating voltage is increased. In a design developed at Mainz, the cathode was moved into the cathode-anode gap, allowing cathode preparation and transfer mechanisms to be mounted at ground potential [191. There are concerns that the edges of the cathode electrode could become a source of field emission in a very high voltage gun of this design.
Another way to locate the cathode preparation and transfer mechanism at ground potential is to use a second ceramic insulator between cathode potential and ground. Cathode transfer takes place along the axis of this second insulator. This solution was developed by Novosibirsk for the 100 kV NIKHEF polarized source [ZO]. and has been adopted for a 200 kV gun built at Nagoya [21] . At high voltages, the transfer distance can become quite long.
A clever scheme known as the "inverted" gun was developed at SLAC, and shown in figure 2 [221. The cathode electrode is supported within the gun chamber on ceramic rods, with the cathode preparation and transfer mechanisms at ground. High voltage is brought in through the bore of one of the rods, but could also be delivered through a separate feedthrough. In this design, field emitted electrons cannot reach the ceramic rods. The Another load lock gun design has been developed at Jefferson Lab. The cathode electrode is a hollow cylinder, isolated by a conventional ceramic, as shown in figure 3 1231. The cathode is introduced through one end of this cylinder and secured into its operating location at the other end. This design incorporated an atomic hydrogen cleaning chamber, allowing a cathode sample to he cleaned prior to being moved into the preparation chamber. With this system, a cathode sample has been taken from the laboratory environment to beam delivery in several hours. 
CONCLUSIONS
Very high voltage photoemission electron guns may well be able to meet the requirements for a number of currently envisioned CW electron accelerators. Methods for dramatically reducing the field emission from large area electrodes set the stage for operating such guns with electrode field strengths of 20 MVlm or more. Ion implantation, the development of ceramics with appropriate hulk restivities, insulator designs incorporating internal protective rings, or the use of the inverted gun design can eliminate the problem of ceramic charging from even small field emission currents. Various load-locked gun designs operating .reliably and breakdown free at voltages above 500 kV and at cathode field strengths above 10 MVlm now seem within reach.
For high average current operation, only high quantum efficiency photocathodes can be considered. Of the three families of such photocathodes, the alkali antimonides and tellurides have been used in RF guns, while NEA GaAs cathodes have been used in DC guns. In the GaAs cathodeDC gun case, the cathode operational lifetime is limited by ion back bombardment. The best lle lifetime reported to date is 2 x 10' C/cm2. The lifetime of the alkali antimonide and telluride cathodes may well be better than GaAs in a DC gun.
The ion hack bombardment lifetime may he improved by reducing the total vacuum pressure, which appears practical using NEG coatings in the gun vacuum chamber.
Lasers with the necessary RF time structure pose a challenge for high average current operation. The GaAs cathode offers an advantage, as the fundamental wavelength of a Tisapphire laser is suitable. Alkali antimonide cathodes require frequency doubled Nd or Ti lasers, while the tellurides require frequency quadrupled Nd, or frequency nipled Ti lasers, and thus require more fundamental laser power to overcome the inefficiency of frequency multiplication. Fundamental frequency or harmonic mode-locked Nd or Ti lasers delivering 10 W of optical power with suitable RF time structure are well within reach.
NEA GaAs offers a significantly lower thermal emittance per unit illuminated area, compared to PEA cathodes, while PEA cathodes offer far shorter pulse durations. In a DC gun followed by a buncher,'the long pulse from NEA GaAs may not be a significant drawback. Based on all these considerations, we plan to construct a 500 to 750 kV gun with a NEA GaAs cathode to provide a 1300 MHz train of 77 pC hunches -100 ma average current -for the ComelVLah ERL prototype [4] .
